Background: Ionotropic glutamate receptors of the N-methyl-D-aspartate receptor (NMDAR) type are expressed on keratinocytes and play a role in the proliferation, differentiation, and cornification of keratinocytes. However, the expression profile of NMDAR and its role in cutaneous malignancy is unclear. Objective: We analyzed the expression of NMDAR-1 in cutaneous squamous cell carcinoma (SCC) and investigated the relationship between NMDAR-1 expression and clinicopathological parameters. Methods: Thirty-two patients with biopsy-proven cutaneous SCC were enrolled in this study. Each patient was analyzed for tumor diameter, location, local recurrence, and metastasis by conducting a chart review. The SCC specimens were histologically divided into differentiated and undifferentiated groups based on Broders' system. NMDAR-1 expression was examined by performing immunohistochemistry, and the relative staining intensity in the SCCs was graded into 5 levels. According to the staining intensity of NMDAR-1, the specimens were categorized into two groups: the higher group and the lower group. Results: Fifteen (88%) of 17 tumors in the higher group were differentiated SCC, whereas 14 (93%) of 15 tumors in the lower group were undifferentiated SCC. In addition, NMDAR-1 expression was inversely correlated with metastasis (p=0.049). Local recurrence was associated with a lower staining intensity, but the results were not statistically significant. Conclusion: Our results demonstrate that NMDAR-1 expression in cutaneous SCC is significantly correlated with its differentiation and metastasis. Therefore, it may be a prognostic indicator for cutaneous SCC. 
INTRODUCTION
Glutamate is an essential amino acid and neurotransmitter in the central nervous system (CNS). It plays a major role in excitotoxicity as well as in learning and memory. In addition, it functions as a trophic factor for cancer cells in vitro 1 , suggesting an involvement of glutamate and its receptors in tumor cell proliferation and migration. Glutamate activates various glutamate receptors, including N-methyl-D-aspartate (NMDA), alpha-amino-3-hydroxy-5-methylisoxazole-4-propionic acid, kainite, and metabotropic receptors 2, 3 . NMDAR has two distinct subunits: the main subunit, NMDAR-1, and the modulatory subunit, NMDAR 2A-2D. NMDAR-1 is essential and sufficient to form an active NMDA receptor channel, in contrast to the NMDAR-2 subunits 4 . The NMDAR is a ligand-gated ion-channel that is permeable to the cations Na ＋ , K ＋ , and most importantly, Ca 2＋ .
Although the expression of the glutamate receptor was initially restricted to the CNS, glutamate signaling occurs in non-neuronal tissues such as bone, pancreas, and skin, raising the possibility of a more widespread glutamate receptor activity 5 . Moreover, NMDAR-1 is expressed on keratinocytes 6 . NMDAR-1 expression increased with keratinocytic differentiation in the epidermis of normal human skin and was most intense in the granular cell layers 7 . This receptor distribution correlates well with the intraepidermal calcium gradient in the normal epidermis 8 . The regulation of the keratinocytic calcium by NMDAR is important for epidermal differentiation and cornification 9 .
These results suggest that NMDAR could play a role in the proliferation and differentiation of normal keratinocytes. In addition, the presence of NMDAR and its involvement in cellular proliferation are well-known factors in tumor cells derived from neuronal tissue such as glioma and neuroblastoma 10, 11 . However, not much is known about the NMDAR expression and activity in other types of tumors. Squamous cell carcinoma is one of the most common cutaneous malignancies, with an increasing incidence. The clinical outcome and prognosis of cutaneous SCC depends on many factors, such as tumor size, depth of invasion, and most importantly, the degree of differentiation of the tumor cells 12 . Little is known about the expression profiles of NMDAR and its role in cutaneous SCC. Here we investigated the expression profile of NMDAR-1 with regard to the histological differentiation and clinical parameters of cutaneous SCC.
MATERIALS AND METHODS

Subjects and tissue specimens
Thirty-two patients with biopsy-proven cutaneous SCC were examined in this study. The patients underwent tumor resection surgery between 1998 and 2003 at the Department of Dermatology, Kangnam St. Mary's Hospital, Seoul, Korea. The clinical data, including age, gender, location, tumor size, local recurrence and metastasis, were reviewed from the clinical records. The samples obtained from surgery were fixed in 4% paraformaldehyde, washed in tap water, dehydrated in a graded series of ethanol solutions, cleared in xylene, and then embedded in paraffin. 4-μm thick sections were mounted on glass slides, hydrated with distilled water and subjected to routine hematoxylin-eosin staining. Broders' system was used to histologically classify conventional cutaneous SCC by grades 1 to 4 on the basis of the degree of nuclear polymorphism and the cytoplasmic maturation to keratinization 12 . Because many dermatopathologists generally use a variation of this system for investigating the prognostic factors of SCC 5, 7 , the presented cases were divided into two subtypes as follows: differentiated SCC with differentiated lesions in about three-fourths or one half of its structure (Broders' grades 1 and 2), and undifferentiated SCC with undifferentiated lesions in about three-fourths of its structure and with no tendency for differentiation (Broders' grades 3 and 4).
Immunohistochemical staining of NMDAR-1
Immunohistochemical staining of NMDAR-1 was performed to determine its expression profile in cutaneous SCC. For each sample, paraffin-embedded specimens fixed in 10% formalin were sectioned at 4μm thickness, mounted on poly-L-lysine-coated glass slides, and deparaffinized with xylene and a graduated series of ethanol solutions. Subsequently, the sections underwent antigen retrieval via microwave treatment in 10 mM citrate buffer (pH 6.0) for 15 minutes prior to immunostaining. Immunohistochemical staining was performed using the avidin-biotin peroxidase technique 13 . After soaking in phosphate-buffered saline (PBS) and subsequent blocking of the endogenous peroxidase in 3% hydrogen peroxide for 10 minutes at room temperature, the sections were incubated at room temperature for 1 h with anti-human rabbit primary polyclonal antibodies (1:100 in PBS) against NMDAR-1 (Chemicon, Temecula, CA, USA). Afterwards, the tissue sections were incubated with secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) (1:300 in PBS) for 60 min. As a negative control, skin samples were incubated with PBS without the primary antibodies. The color reaction of the treated tissue was performed using the avidin biotin complex substrate 3-amino-9-ethylcarbazole (Vector Laboratories, Burlingame, CA, USA) for 10 min. The sections were then counterstained with hematoxylin (Vector Laboratories) for 1 to 2 min.
Semiquantitative analysis of immunohistochemical staining
By comparing the stratum granulosum of the surrounding normal epidermis in the same section, which was used as the positive control, the relative staining intensity of NMDAR-1 in the SCC was graded as follows: -: completely negative staining intensity, ±: lower staining intensity, ＋: more or less overlapped staining intensity in the differentiated areas, ＋＋: slightly higher staining intensity, and ＋＋＋: considerably higher staining intensity. According to the staining intensity of NMDAR-1, the specimens were categorized into two groups: the higher group, which showed equal or stronger staining than the normal epidermis; and the lower group which showed a completely negative to weaker staining than the normal epidermis. Those samples showing more or less overlapped staining in the differentiated areas of the tumor were categorized as the higher group. Evaluation of the immunohistochemical grading and categorization was done by at least two independent dermatologists who had no knowledge of the clinicopathologic data. 
Cell culture
Immortalized human keratinocytes (HaCaT cells) were cultured in a monolayer at 37 o C in 5% CO2 using Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), 10,000 units/ml penicillin, and 10,000 g/ml streptomycin (Gibco, Grand Island, NY, USA). All were seeded in a 100 mm culture dish and cells at 80% confluency were subcultured.
Cell lysate preparation and protein detection by Western blot analysis
HaCaT cells (1×10 5 /well) were seeded in triplicate onto 6-well culture plates (Nunc, Naperville, IL, USA) in 3 ml of medium, cultured, and adhered overnight. 
Statistical analysis
Pearson's correlation analyses were performed to examine whether NMDAR-1 expression of cutaneous SCC was related to clinicopathological parameters such as the histological differentiation, local recurrence, and metastasis rate for each patient. The data was analyzed using SPSS for Windows 10.0 (SPSS Inc., Chicago, IL, USA). Statistical significance was defined as p＜0.05.
RESULTS
Clinical data of cutaneous SCC
The patients' profiles are summarized in Table 1 . The examined patients consisted of 11 males and 21 females, with ages ranging from 41 to 94 years old. The tumor diameter ranged from 7 to 150 mm. Three of the examined patients had a local recurrence (9.4%) and 6 had metastatic disease (18.8%); all 6 metastasizing SCCs were over 3 cm in diameter. 
Expression of NMDAR-1 in cutaneous SCC
To examine the specificity of the anti-NMDAR-1 antibody, we first performed Western blotting for NMDAR-1 in cultured human keratinocytes (Fig. 1) . All of the surrounding normal epidermis of the SCC specimens commonly showed a distribution pattern with maximum NMDAR-1 intensity in the stratum granulosum (with a gradient that corresponded to increasing differentiation) ( Fig. 2A, B) . Depending on the relative intensity of NMDAR-1 expression, the specimens were categorized into two groups: higher expression in 17 specimens (53%, the higher group) and lower expression in 15 specimens (47%, the lower group) compared with the stratum granulosum of the normal epidermis in the same sections. Six specimens in the higher group exhibited a considerably higher expression of NMDAR-1 in all tumor cells (Fig. 2C,  D) , and the other 7 specimens exhibited equal or slightly higher levels of expression in the tumor region compared with the normal epidermis. All of the 4 overlapped specimens in the higher group showed a high expression of NMDAR-1 that was restricted to the differentiated areas of the tumor (Fig. 2E, F) . In contrast, 4 specimens in the lower group exhibited a lower expression of NMDAR-1, and the remaining 11 specimens were completely negative for any NMDAR-1 expression (Fig. 2G, H) .
Relationship between NMDAR-1 expression, histologic differentiation, local recurrence, and metastasis in cutaneous SCC
When both the higher and lower groups were categorized by histologic differentiation, 15 (88%) of 17 tumors in the higher group were classified as differentiated SCC, whereas 14 (93%) of 15 tumors in the lower group were undifferentiated SCC ( Table 2 ), suggesting that there was a significant correlation between NMDAR-1 expression and histological grading in cutaneous SCC (p＜0.0001). We then examined the relationship between NMDAR-1 expression and other clinical parameters such as local recurrence and metastasis. Among the three patients with local recurrence, one was in the higher group of NMDAR-1 expression, whereas the other two were in the lower group. Among the six patients with metastasis, one was in the higher group of NMDAR-1 expression, whereas the other five were in the lower group (Table 2 ).
Pearson's correlation analysis revealed that the lower expression of NMDAR-1 was significantly correlated with a higher frequency of metastasis (33% vs 6%, respectively, for the two groups) (p＜0.0487). Local recurrence in the group with a lower expression of NMDAR-1 (13%) was more frequent than in the group with the higher expression of NMDAR-1 (6%), but there was no statistical significance due to the small number of patients with local recurrence.
DISCUSSION
We investigated the NMDAR-1 expression profile in cutaneous SCC and demonstrated that the intensity of NMDAR-1 expression has a tendency to depend on the histological differentiation, as seen in NMDAR-1 expression of normal skin. We showed that most (88%) of the higher NMDAR-1 expression group was differentiated SCC, whereas most (93%) of the lower NMDAR-1 expression group was undifferentiated. One previous study examined NMDAR-1 expression in patients with oral SCC, with positive NMDAR-1 reactivity in 50 of 81 cases 14 . However, in their study, NMDAR-1 expression was simply defined as being negative if the positive cells comprised ＜25%, and positive when the proportion of positive cells comprised ＞25%. Furthermore, they did not categorize the tumor specimens according to tumor differentiation, as was done in our study. Considering the fact that oral mucosal epithelium does not cornify and that the regulation of the keratinocytic calcium by NMDARs is especially important in the cornifying process, it is not reasonable to directly compare the NMDAR-1 expression pattern of oral SCC with that of cutaneous SCC.
Another study examined the expression pattern of NMDAR-1 in primary cutaneous SCC 6 . The results showed that the reactive epithelium (non-neoplastic) surrounding the SCC showed strong NMDAR-1 expression, but the SCC itself did not express NMDAR-1. NMDAR may play a role in the contact-mediated inhibition of growth that is lacking in most cutaneous neoplastic processes. However, because the degree of differentiation and the number of specimens was not shown, the exact expression pattern of NMDAR-1 in cutaneous SCC could not be inferred from their study. Therefore, this is the first report to show such a distinctive expression pattern of NMDAR-1 in cutaneous SCC according to tumor differentiation. Of particular interest, the expression of NMDAR-1 in cutaneous SCC was well correlated with the degree of differentiation of the tumor cells. Selective blockade of NMDAR-1 with MK-801 suppresses the expression of filaggrin and CK10 as differentiation markers in HaCaT cells, but this had no influence on the proliferation of HaCaT cells 7 . This suggests that NMDAR-1 in normal skin plays a role in the differentiation of the epidermis, rather than the proliferation. Moreover, although the role of NMDAR-1 in non-cutaneous cancers such as neuroblastoma 10 is mainly focused on tumor proliferation, it appears that NMDAR-1 in cutaneous SCC affects differentiation. Although the molecular mechanism underlying the close correlation of NMDAR-1 expression and the histological differentiation in cutaneous SCC was not elucidated in this study, higher NMDAR-1 expression could suppress advances in transformation, whereas lower expression induces dedifferentiation of tumor cells. Further study will be needed to clarify the role of NMDAR-1 expression in the differentiation of cutaneous SCC. Several prognostic factors, such as location, size, tumor thickness, histologic differentiation, local recurrence, and metastasis could be significantly involved in the survival of patients with SCC of the skin [15] [16] [17] [18] [19] [20] . For example, an increased diameter of cutaneous SCC is associated with an increased metastatic rate. The majority of metastasizing cutaneous SCCs are greater than 2 cm in diameter, and many recurrent cutaneous SCCs are greater than 1 cm in diameter 20, 21 . In this study, all 6 metastasizing SCCs were over 2 cm in diameter. Moreover, Pearson's correlation analysis revealed that the number of patients with metastasis in the lower NMDAR-1 expression group was more than that in the higher expression group (p＜0.05). Although the number of patients with local recurrence was too small for proper statistical analysis, the rate of local recurrence of the lower expression group was higher than that of the higher expression group. Therefore, NMDAR-1 could be an indicator for the prognosis of cutaneous SCC.
In conclusion, our data demonstrate that the expression pattern of NMDAR-1 is well correlated with histologic differentiation in cutaneous SCC. We also suggest NMDAR-1 is a prognostic indicator for cutaneous SCC.
